Introduction
Generally, benzene (B), toluene (T) and xylene (X) are known as important chemical raw materials, they are often synthesized by the catalytic reforming of naphtha [1] . At the same time, methanol, as a common and cheap organic material, to be an another important raw material to the production of BTX, due to the continuously price rising of the oil price and increasing consumption of aromatics [2] . HZSM-5 is often selected and regarded as a promising catalyst in methanol to aromatics (MTA) for its acidity, high thermal stability, large surface area and adjustable pore size comparable to the molecular dimension of BTX [3] . However, the conventional ZSM-5 is easy to be deactivated, for the deposition of large molecular in the zeolite's pores [4] . On the basis of the existing literature, the coke precursor with the size beyond the micropore size formed on the external acid sites [4] . In order to improve the diffusion of coke precursor and the adjustment of the external acid sites, the construction of mesopores with acidic or basic treatment has been tried [5] [6] [7] . Unfortunately, acidic or basic treatment destructs the framework of ZSM-5, the destruction of framework can lead to crystalline defects, which accelerates the dealumination under the condition of hydrothermal, thereby the thermal stability and the catalytic shape selectivity of the parent catalyst decrease remarkably [8] .
The construction of core shell structure with a simple silicon deposition has been done, the external Al of HZSM-5 can be pacified and there are no transport restrictions at all for large molecules leaving the external surface [9] . However, the silicon deposition will make the pore size of HZSM-5 smaller [9] , which makes the coke precursor retains in the channel and increases the possibility of carbon deposit. Herein, the construction of microporous Abstract A composite HZSM-5@cubic ordered mesoporous SiO 2 (HZ@COMS) was synthesized by an acidic sol-gel coating method with template Pluronic F127. HZ@COMS and Ga loading HZ@COMS (Ga/HZ@ COMS) were applied in methanol to aromatics (MTA). The existence of the silica shell reduces the acid amount and acidity of HZSM-5, which decreases in the formation of coke on the catalyst. At the same time, such silica shell with 3D hierarchical and cubic ordered mesopores improves the diffusion of seeds and coke precursor. As a result, the catalytic performance of HZSM-5 was improved effectively with the introduction of silica shell in such structure. Making a comparison with HZSM-5, the longevity of HZ@COMS increased from 10 to 42 h and the selectivity of BTX increased from 44 to 49%. After Ga's loading, the cubic ordered mesopore offered a nanoscale reactor in the reformation of C 9 + hydrocarbons, which further improves the longevity of catalyst (54 h) and the selectivity of BTX (50%). Ga/HZ@COMS presents good ability in the regeneration ability in MTA.
Keywords Core-shell · Cubic ordered mesopore · HZSM-5 · F127 · MTA and mesoporous core-shell composite is an effective way to overcome above drawbacks. The mesoporous shell of core-shell composites can cover the external acid sites of the parent materials, avoiding the further reaction for coke in consequence as well. Moreover, in the mesoporous shell, the feed and products can diffuse freely. The diffusions of large molecules in the catalyst were affected not only by the channel's size but also by the shape, dimension and pore size distribution, etc. For better diffusion, the shell materials with 3-dimension channels and large pore size were typically superior to those with 1-dimension and 2-dimension channels as well as the middle and small pore size. Asima and his coworker found that on FER with one-dimension and a pore size of 0.45 × 0.55 nm, the toluene and xylenes with a molecular size of 0.57 nm and 0.58-0.68 nm have a small yields, compared with its on ZSM-5 with threedimension and a pore size of 0.54 × 0.56 nm, which attributed to the diffusion limitation [10] . Compared with the 3D microporous material, 3D mesoporous materials is preferred for its large pore size, what's more, 3D mesoporous materials can be zeolites or any other materials synthesized with template [11, 12] .
Shortly, Qian tried the synthesis of 3-dimension mesoporous core-shell materials with Pluronic F108 [13] . In the meanwhile, Qian proposed that the large molecules transport is faster in the cubic mesopores than in the cylinder mesopores, which can diminish pore blocking [13, 14] . Based on above studies, it can be proposed here that the core-shell composite with 3D mesoporous shell have a good application prospect in MTA for its channel connectivity and suitable pore size. F127 is also a typical template in the formation of 3D mesopores and the mesopores synthesized with this template is often larger, which is favorable for the diffusion of large molecules and helpful for impeding the coke formed, therefore it is desirable for such a mesoporous support to be processed for MTA catalysts [15] . In this paper, we choose F127 as a template to try the synthesis of a cubic ordered mesoporous core-shell material with acidic sol-gel coating method. In addition, Ga was loaded on this material for the good aromatization results and such catalyst showed excellent catalytic activity and stability in MTA.
Experimental

Catalyst preparation and characterization
3.82 g of Pluronic F127 was dissolved in 300 mL of 2 M HCl at 40 °C for 30 min. In order to obtain fine dispersion, 4.22 g of HZSM-5 powder (Si/Al = 27) was placed into the reaction system under ultrasonic treatment for 30 min. Then, 18 g of TEOS (tetraethyl orthosilicate) was added dropwisely under moderate stirring. After stirring for 24 h, the mixture was transferred to an autoclave for hydrothermal treatment at 100 °C for 24 h. The as-synthesized sample was washed with deionized water untill the used water is neutral. After calcination at 550 °C for 5 h in static air, the core-shell composite designated as HZ@COMS was obtained, in which HZ, C, O, M and S represented the HZSM-5, cubic, ordered, mesoporous and SiO 2 , respectively. Ga 2 O 3 /HZ@COMS (hereafter referred as Ga/HZ@ COMS) was prepared by wet impregnation method with 3 wt% loading amount using aqueous solution of Gallium nitrate. The resulted mixture was dehydrated overnight at 100 °C and calcined at 550 °C for 5 h in static air. In comparison, we prepared dealuminated ZSM-5 without adding F127 and TEOS by similar procedures in the case of preparing the core-shell composite. Such catalyst was denoted as HZ-Acid. The used Ga/HZ@COMS was regenerated at 750 °C for 5 h in static air and was denoted as Ga/HZ@ COMS-R.
The low-angle and large-angle X-ray scattering measurements were carried out on an X-ray diffractometer (D/ max-RB, Rigaku, Japan) equipped with Ni-filtered Cu-Kα radiation which was generated at an operation voltage of 40 kV and a filament current of 35 mA. N 2 adsorption-desorption isotherms were measured at −196 °C on a Micromeritics ASAP 2405 analyzer. Prior to the measurement, each sample (100 mg) was degassed in a vacuum at 300 °C for 10 h at least. The specific surface area and pore size distribution of pores were calculated by the Brunauer-Emmett-Teller (BET) and Density Functional Theory (DFT) methods, respectively. The micropore volume and surface area were calculated by the t-plot method. The mesopore and macropores volume and surface area were calculated by Barrett-Joyner-Halenda (BJH) adsorption cumulative volume of pores between 1.7 and 300 nm diameter. Scanning electron microscopy (SEM) imagines was obtained on a SEM microscope (HITACHI SU-8010, Japan) at an operation voltage of 5-15 kV. Transmission electron microscopy (TEM) images and energy dispersive spectroscopy-X (EDX) were recorded on a TEM microscope (JEOL JEM-2100 F, Japan) with an accelerating voltage of 200 kV. NH 3 -TPD with a Micromeritics AutoChem II 2920 in the range of 150-600 °C at a ramp rate of 20 °C/min, and the desorbed ammonia was monitored by a gas chromatograph with a TCD detector. The Py-IR spectra were recorded with a FT-IR spectrometer (Bruker Vertex 70, Germany). The catalyst samples were ground into a fine powder and pressed into self-supported discs. The disc was placed in the centre of IR cell. Firstly, the sample discs were heated to 100 °C at 10 °C/min under vacuum and kept for 1 h. Secondly, the sample discs were exposed to pyridine until adsorption saturation at 150 °C under vacuum for 1 h. Then, the excess Py in the IR cell was removed.
After each step, spectra were recorded at room temperature. Thermal gravimetric analysis (TGA) was carried out on a thermal gravimetric analyzer (Perkin Elmer TGA, US). The sample was heated from 10 to 750 °C in air at a heating rate of 10 °C/min.
Catalytic test and products analysis
MTA reaction was carried out in a continuous-flow fixedbed reactor with an inner diameter of 16 mm. The catalyst particles with 40-60 mesh were obtained with compression method. 2.5 g catalyst was loaded in the central zone of the reactor. A thermocouple reaching into the middle of the reactor was used to measure the temperature of the catalyst bed during the reaction. The catalyst was activated at 410 °C for 1 h under nitrogen flow before reaction. With a WHSV (weight hourly space velocity) of 2.7 h −1 at 0.1 MPa, the methanol was pumped into the reactor by an injection pump. The methanol was mixed with nitrogen (30 mL/min) in the catalytic tests. The products were analyzed on a gas chromatograph Agilent 7890A which equipped with FID detector and capillary column (HP-5). The conversion of methanol and the yields of products were calculated with the follow equals:
where, m represents the mass, A represents the peak area of product, f represents the correction factor. Dimethyl ether was produced during MTA. In this occasion, however, methanol and dimethyl ether were both calculated as the inlet material, considering the latter is easy to be produced over a catalyst with very weak acids [16] . Longevity was defined as the total reaction time until the oil phase disappeared in products.
Results and discussion
Chemical and physical properties of catalysts
As it shown in Fig. 1a , the low-angle XRD patterns of HZ@COMS and Ga/HZ@COMS demonstrated small peak diffraction around at 2θ = 0.6° corresponding to (110) reflection of SBA-16, which indicated that ordered mesopore may appeared [17] . As it shown in Fig. 1b , for HZ, the characteristic diffraction peaks (2θ = 8.0°, 9.0°, 14.8°, 24.0°, 29.8°, 45° and 46°, JCPDS = 44-0003) correspond to its crystalline structure. For HZ@COMS and Ga/HZ@COMS, such XRD patterns were still completed but merely weaker than those of the parent HZ sample, as a result of the content of zeolite phase in the composite material was about 40-45 wt% (it goes from the preparation procedure). Compared with HZ@COMS, the XRD patterns of Ga/HZ@COMS had no changes with the introduction of Ga 2 O 3 , which may indicate the fine dispersion of Ga 2 O 3 particles.
As it shown in Fig. 2a , for HZ the initial part of N 2 adsorption and desorption isotherm is of type corresponding to a microporous framework. For HZ@COMS and Ga/HZ@COMS their isotherms both present H2 hystersis loops within the relative pressure P/P 0 range of 0.40-0.75, and such isotherms are of type IV. Such N 2 adsorption and desorption results may suggest the existence of the connective 3D mesopores [13, 17, 18] . At the same time, the micro-meso hierarchical pore structure was made in the construction of the core-shell structure. This situation was proved by the results in Fig. 2b , the pore size distribution of HZ present one peak within 2 nm and several peaks ranging from 2 to 9 nm. These pores may derived from the core-shell connectivity, piled pore or mesoporous shell SiO 2 . In addition, the addition of Ga had obvious effect on the distribution of mesopores. Combined with Table 1 , the introduction of mesoporous shell SiO 2 on core HZSM-5 not only makes the specific surface areas increase efficiently (from 408 to 620 m 2 g −1 ), but also retained micropore volume of pristine material. After the addition of Ga on HZ@COMS, the surface area of micropore and mesopore increased from 197 to 220 m 2 g −1 and from 423 to 494 m 2 g −1 , respectively. The volume of micropore and mesopore decreased from 0.18 to 0.17 cm 3 g −1 and from 0.27 to 0.21 cm 3 g −1 meanwhile, respectively. These results indicated that the effect of Ga 2 O 3 particles on mesopore were more obvious than that on micropore, which suggested that Ga 2 O 3 particles were probably located inside the mesopore. At the same time, the mesopore can't be affected by the Ga 2 O 3 compared with HZ@COMS. This indicated that Ga 2 O 3 particles were deposited uniformly and didn't block the mesopore.
As it shown in Fig. 3a-d , a micro/mesoporous core-shell composite was synthesized, in which HZSM-5 was core and cubic ordered mesoporous silica with a pore size of about 10 nm was shell. The sharp borderline existed between shell with a thickness of 0.5 μm and core shown in Fig. 3a -c. As shown in Fig. 3d , the size of connection between core and shell was smaller than the cubic mesopore, which can generate hierarchical pores. Figure 4 shows the TEM of Ga/HZ@COMS. After the loading of Ga, the core-shell structure was still kept well and no large Ga particles were observed. In order to observe the distribution of Ga, TEM/EDX of Ga/HZ@COMS was conducted. The EDS image of Ga/HZ@COMS identified the presentation of Ga. According to the element mapping of Ga/HZ@COMS, Al was distributed in the core HZSM-5. For Ga, Si, Al and O, they were distributed in the shell SiO 2 and core HZSM-5. However, the Ga was mainly distributed in the shell SiO 2 ; this indicated that the Ga was mainly located in the mesopore of shell SiO 2 .
The core-shell materials didn't show so good dispersion in SEM images (Fig. 5) , which was due to the pristine zeolites agglomeration shown in Fig. 5a , c. As it shown in Fig. 5b , the shell was synthesized by layer growth in accordance with previous studies [19] . Additionally, core-shell composite was spheroid shown in Fig. 5c , while the HZSM-5 with a thin layer of shell (in the green circle) kept pristine zeolites structure with hexagonally prismatic shapes shown in Fig. 5d . Based on above results, we proposed such a mechanism shown in Fig. 6 . Firstly, the HZSM-5 was treated with hydrochloric acid. Thus, the surface of HZSM-5 zeolite was modified. Then, TEOS hydrolysis with the aid of hydrochloric acid and covered the core HZSM-5. Finally, a cubic ordered mesoporous shell synthesized with F127 as template and TEOS as Si source surrounded the HZSM-5, then a core-shell composite was obtained.
NH 3 -TPD patterns of all catalysts showed two desorption peaks in Fig. 7a , in which the peak at low temperature peak (180 °C) and the high temperature peak at (400 °C) were attributed to weak and strong acid sites, respectively [20] . It can be seen obviously that the areas of the two peaks decreased remarkably and simultaneously the centers of the two peaks shifted toward lower temperature compared to that of the pristine HZSM-5. It can be induced that both composite materials, HZ@ COMS and Ga/HZ@COMS, contained less a half of the zeolite phase. In addition, for core-shell materials, the external strong acid sites of HZSM-5 were covered by SiO 2 to some extent. As a result, the areas of the hightemperature peaks and low-temperature peaks of HZ@ COMS and Ga/HZ@COMS were all smaller than the parent zeolite. In addition, the area of low temperature peak for Ga modified catalyst was bigger than that of HZ@ COMS slightly, which are contributed to the introduction of weak acid sites of the Ga 2 O 3 .
Py-IR was used to study the nature of acidic sites. As it shown in Fig. 7b , three bands at 1546, 1490 and 1445 cm −1 were existed in HZ and HZ@COMS. These bands at 1546, 1490 and 1445 cm −1 were attributed to Brønsted, Brøn-sted + Lewis and Lewis acid sites, respectively [21] . This indicated that the acid sites weren't removed during the preparation of core-shell material. At the same time, the intensity of Lewis acid peak decreased slightly in HZ@ COMS compared with HZ. This was due to the fact that the introduction of Si-OH can decrease the amount of Lewis acid sites [22] . It was noted that a new band at 1455 cm −1 appeared for Ga/HZ@COMS compared with other catalysts. The band at 1455 cm −1 was generally the reflection of pyridine on Lewis (PyL) [23, 24] . Such Lewis acid was derived from the interaction of Ga and Al [22, 25] . This indicated that some Ga 2 O 3 particles were located in the core HZSM-5.
MTA reaction on core-shell catalysts
As it shown in Fig. 8a , b, the longevity of HZ increased from 16 to 42 h after the loading of shell SiO 2 . At the same time, after the introduction of silica shell outside the HZ zeolite, the C 9 + hydrocarbons amount decreased from 64 to 41% remarkably as shown in Table 2 . In general, the molecule size of C 9 + hydrocarbons beyond the pore size of HZ. So the C 9 + hydrocarbons formed over the external acid sites. This indicated that the external acid sites were covered by shell SiO 2 during the preparation of core shell material HZ@COMS. At the same time, in 3D hierarchical porous shell structure the large molecules have better diffusion than in core HZ. Thus, the side reaction was avoided and the longevity improved. After the loading of Ga 2 O 3 , the longevity of HZ@COMS further increased from 42 to 56 h. Comparing the products distribution over HZ@COMS and Ga/HZ@COMS as shown in Table 2 , it can be found that the BTX increased while the C 2 -C 5 and C 9 + decreased over the Ga/HZ@COMS, suggesting that the catalytic reforming of products occurred in nanoscale reactor for Ga/ HZ@COMS. This was contributed to dealkylation reaction of C 9 + hydrocarbons on the new Lewis acid sites. After regeneration of Ga/HZ@COMS, the longevity of catalyst decreased slightly but the distribution of products were basically unchanged. In order to study the effect of external acid sites on the longevity and products, the reaction over HZ-Acid was conducted. After acid sites were removed the longevity increased remarkably from 16 to 30 h shown in Fig. 8b . At the same time, the C 9 + decreased from 64 to 39% and the BTX increased from 31 to 44% as shown in Table 2 , suggesting that the external acid sites favored the side reaction. For HZ-Acid, the yield of oil decreased compared with HZ. This was because large amount of light hydrocarbons C 2 -C 5 can't convert efficiently on the reduced acid sites. But for Ga/HZ@COMS with higher yield of oil, cubic mesopore loaded with Ga 2 O 3 can be regarded as a nanoscale reactor. Two reasons were contributed to this phenomenon. One reason was that the shell SiO 2 covered the external acid sites and inhibited the coke reaction of C 9 +. Another reason was that C 9 + reacted with C 2 -C 5 over Ga 2 O 3 in cubic mesopore. Thus, some C 2 -C 5 and C 9 + were diffused from HZ to the nanoscale reactor and converted into BTX. It was interesting that for all catalysts the selectivity of para-xylene in xylenes increased with the time online. This was due to the fact that the channel blockage of zeolite by carbonaceous deposits was occurred during the reaction, perhaps [26] . In order to study rate of coke, TGA was conducted to be shown in Fig. 9 . Corresponding to the coke amount, the weight loss between 300 and 750 °C [27] . As it shown in Fig. 9 , the coked HZ shows a weight loss of 9.9% after 12 h on stream. In comparison, the coked Ga/HZ@ COMS shows a weight loss of 6.6% after 54 h on stream. These results indicated that the average rate of coke formation on the Ga/HZ@COMS was only about 0.2% per hour, much lower than the 0.8% formation rate observed on the HZ. As a consequence of all of these, the Ga/HZ@COMS has better coke resistance and higher longevity of catalyst compared with HZ.
Conclusions
A core-shell composite with HZSM-5 as core and cubic ordered 3D hierarchical mesoporous silica as shell was synthesized using Pluronic F127 as mesoporous structural template. The ordered cubic mesopore and shell can improve the products diffusion and adjust the external acid properties to a large extent. Consequently the core-shell composite exhibited higher coke-resistance, which increased longevity of catalyst from 10 to 42 h. After loading Ga, the cubic ordered mesopore offered nanoscale reactor in the catalytic reforming of C 9 + hydrocarbons, which further improved longevity of catalyst (54 h) and selectivity of BTX (50%) and such catalyst has good regeneration ability. HZ@COMS  100  21  2  9  2  20  5  41  38  Ga/HZ@COMS  100  16  2  9  3  25  6  39  45  Ga/HZ@COMS-R  100  17  1  7  2  25  6  42  41  HZ  100  5  1  7  1  19  3  64  31  HZ-Acid  100  17  1  18  1  18  6 
